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Objectives: Despite the technical advantages of total circulatory arrest for vital
organ support during infant heart surgery, many centers have moved away from its
use because of the demonstrated effects of circulatory arrest of long duration on
neurodevelopmental outcomes. Our goal was to determine the functional form of the
association between duration of circulatory arrest and risk of neurodevelopmental
dysfunction.
Methods: From 1988 to 1992, in a single-center trial, infants with D-transposition of
the great arteries underwent the arterial switch operation after random assignment to
circulatory arrest or low-flow bypass. The alpha-stat method was used, and hemat-
ocrit on bypass was maintained at 20%. Developmental, neurologic, and speech
outcomes were assessed at 8 years of age in 155 of 160 eligible children (97%).
Outcomes selected for analysis were Full-Scale, Verbal, and Performance IQ,
Reading and Mathematics Composite, time to complete the Grooved Pegboard
(dominant hand), and the Mayo Test for Apraxia.
Results: Nonparametric regression and piecewise linear models indicated that neu-
rodevelopmental outcomes were generally not adversely affected unless the duration
of circulatory arrest exceeded a threshold of 41 minutes (95% 1-sided lower
confidence limit of 32 minutes).
Conclusions: We found that the effect of duration of total circulatory arrest on later
neurodevelopmental outcomes is nonlinear, with little influence at shorter durations
and with steadily worsening outcomes after longer durations of circulatory arrest.
Because the effects of duration of circulatory arrest may vary according to diagno-
sis, age at surgery, and other bypass and perioperative variables, this study cannot
ascertain a universally “safe” duration of total circulatory arrest.
Considerable research has been conducted to determine the durationof total circulatory arrest (CA) that infants undergoing cardiacsurgery can tolerate without suffering increased risk of irreversiblestructural or functional brain damage. The weight of evidencesuggests that the maximum “safe” duration is 39 to 65 minutes,1,2although this estimate is based on studies that are heterogeneous in
many respects, including the patient population (ie, heart defect), sample size, length
of follow-up, end points assessed, and key aspects of surgical management. Because
CA has technical advantages from a surgical standpoint and is necessary to repair
some complex congenital heart lesions, refinement of this estimate might help to
maximize patients’ late central nervous system outcomes. Among the challenges in
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doing so is the number of other factors that affect neurode-
velopmental outcomes, including regional brain tempera-
ture during CA, rate of cooling, cerebral blood flow and
distribution during cooling, arterial blood pressure during
cooling and reperfusion, pH and hematocrit management
strategies, and postoperative care.2 To render these aspects
of surgical management comparable between treatment
groups, we began a clinical trial in which children with
D-transposition of the great arteries (D-TGA) undergoing the
arterial switch operation were randomized to a vital organ
support method consisting of deep hypothermia with either
predominantly CA or predominantly low-flow (LF) cardio-
pulmonary bypass. The results of assessments conducted in
the perioperative period and at ages 1 and 4 years consis-
tently indicated poorer outcomes among children assigned
to CA than to LF.3-5
In a companion article,6 we presented the results of
intention-to-treat analyses comparing the neurodevelop-
mental outcomes of the CA and LF treatment groups at 8
years of age. In this article, we report additional analyses in
which we attempted to identify, in more quantitative terms,
the functional form of the association between CA duration
and key neurodevelopmental outcomes.
Methods
The protocol for the Boston Circulatory Arrest Study has been
described previously.3,6 Perfusion methods will be reviewed here
because they are of particular importance to this article. When
rectal temperature reached 18°C or lower and the necessary pre-
liminary surgical dissection had been completed, LF bypass or CA
was begun. For patients assigned to the CA strategy, CA was used
until continuity was established from the left ventricle to the aorta,
the coronary arteries were reimplanted, and the atrial (ASD) or
ventricular septal defect (VSD), if any, was repaired. In the LF
group, the perfusion rate was reduced to 50 mL · min1 · kg1
(approximately 0.7 L · min1 · m2) for the duration of the aortic
and coronary repairs. Infants in both groups underwent repair of
ASDs and VSDs with total CA. Perfusion methods were otherwise
identical in both groups. We used the alpha-stat pH strategy and
crystalloid hemodilution to a hematocrit value of approximately
20% in all patients. The companion article6 describes the fol-
low-up rate and the elements of the neurodevelopmental evalua-
tions conducted when the children were age 8 years. Neurodevel-
opmental outcomes were assessed at 8 years of age in 155 of 160
eligible children (97%).
For analyses looking at the associations with CA duration,
continuous outcomes considered were Full-Scale, Verbal, and Per-
formance IQ from the Wechsler Intelligence Scale for Children—
Third Edition,7 Reading and Mathematics Composite score from
the Wechsler Individual Achievement Test,8 time to complete the
Grooved Pegboard9 (dominant hand), and the Mayo Test for
Apraxia of Speech and Oral Apraxia—Children’s Battery (selected
items).10 The Mayo Test measures the motor planning portion of
speech production. These end points were selected from among the
large number assessed in the full neurodevelopmental evaluation.
The selection was based either on our finding, in intention-to-treat
analyses, that treatment group mean scores differed significantly
(ie, Grooved Pegboard, Mayo Test for Apraxia) or based on the
importance of the outcome (ie, IQ, academic achievement). We
sought to determine the relationship between CA duration and
neurodevelopmental test scores measured on a continuous scale. In
addition, 2 important binary outcome variables were also consid-
ered (presence of apraxia diagnosis and presence of possibly or
definitely abnormal overall neurologic examination findings).
Statistical Analysis
Treatment group differences were evaluated by means of inten-
tion-to-treat analysis. Analyses assessing the effects of duration of
CA as a continuous variable on major continuous outcomes used
linear regression and generalized additive models.11,12 General-
ized additive models are methods of nonparametric regression
smoothing that allow for estimation of P values for any effect of
duration of CA on outcome, as well as P values for the departure
from linearity or piecewise linearity of effect. Piecewise linear
(cut-point, or broken stick) regression models were used to esti-
mate potential thresholds in the effect of duration of CA. Confi-
dence intervals for cut-points were based on inversion of likeli-
hood ratio tests.13 A likelihood ratio test showed no statistical
evidence for heterogeneity in the cut-points across the multiple
outcomes. To estimate a combined threshold across multiple out-
comes, we performed a multivariate analysis using maximum
likelihood with an arbitrary covariance matrix. All likelihood
maximizations and likelihood ratio tests searched over a grid of
duration of CA in units of 0.1 minute. Given the precision of our
CA durations (to the nearest minute), we report the estimated
cut-points and confidence limits to the nearest integer minute.
Higher-order polynomial (eg, quadratic) regression models were
also considered but did not fit the data better than either general-
ized additive models or piecewise linear models.
All comparisons were adjusted for diagnosis (intact ventricular
septum [IVS] versus VSD) and family social class (Hollingshead
Four-Factor Index of Social Class, unpublished manuscript). We
also assessed potential interactions between diagnosis and duration
of CA. For the generalized additive model and cut-point regression
analyses, we used the average Reading Composite and Mathemat-
ics Composite scores, because the models for these outcomes
considered individually were so similar. For the time to complete
the Grooved Pegboard, proportional hazards regression was used
to compare treatment groups. For the generalized additive model
and cut-point regression analyses, the natural logarithm of the time
to complete the Grooved Pegboard was used because this trans-
formation yielded scores that were approximately normally dis-
tributed.
Analyses assessing the effects of duration of CA as a contin-
uous variable on binary outcomes used logistic regression adjust-
ing for diagnosis. Fisher exact tests were used to compare binomial
proportions. All P values are 2-sided. Because we wished to
determine the minimum duration of CA at which adverse effects
could be detected under the conditions particular to the era of our
study, we report 1-sided 95% lower confidence limits for cut-
points. These were calculated as the lower limits of 2-sided 90%
confidence intervals.
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Results
General Intelligence
Treatment groups did not differ significantly in terms of
Full-Scale or Performance IQ (Table 1). Among children
with D-TGA/VSD only, assignment to CA was associated
with lower Verbal IQ (P  .03). In nonparametric smooth-
ing regression analyses of the entire cohort using duration of
CA as a continuous variable, we found that longer CA was
significantly associated with lower Full-Scale IQ (P  .04,
Figure 1, A) and Performance IQ (P  .02, graph not
shown). In addition, these generalized additive models
showed marginal evidence for departures from linearity for
both Full-Scale IQ and Performance IQ (P  .08 for each).
For Verbal IQ, the diagnosis by duration of CA interac-
tion term fell just short of significance (P  .052), with the
magnitude of the effect of duration of CA being slightly
more negative for the VSD group compared with the IVS
group. The association between duration of CA and Verbal
IQ in the combined diagnosis groups was not significant (P
 .19). In addition, we found no significant departures from
linearity for Verbal IQ (P  .53 for the IVS group, P  .99
for the VSD group).
Academic Achievement
Treatment groups did not differ significantly on the Reading
and Mathematics Composite scores. The average of the
Reading and Mathematics Composite scores was not sig-
nificantly related to duration of CA (P  .26, Figure 1, B)
and showed no evidence for departure from linearity (P 
.99).
Fine Motor Function
Children assigned to CA tended to take longer than the
children assigned to LF to complete the Grooved Pegboard
for the dominant hand (P  .06, Table 1). Longer duration
of CA was associated with longer time to complete (P 
.01, Figure 1, C), and completion times showed a significant
departure from linearity (P  .02).
Speech Production
Children assigned to CA did significantly worse than chil-
dren in the LF group on the Mayo Test for Apraxia of
Speech and Oral Apraxia (P  .002, Table 1). Longer
duration of CA was significantly associated with worse
scores (P  .001, Figure 1, D), and the Mayo Test for
Apraxia showed a significant departure from linearity (P 
.002).
Determination of Circulatory Arrest Thresholds
Among the 6 outcome variables, significance or tendency
toward departures from linearity was observed for Full-
Scale IQ (P  .08), Performance IQ (P  .08), Grooved
Pegboard (P  .02), and the Mayo Test for Apraxia of
Speech and Oral Apraxia (P  .002). We explored the
potential threshold effects of CA duration on these out-
comes using piecewise linear regression models to deter-
mine the best single cut-point beyond which scores de-
clined. For example, for Full-Scale IQ scores a cut-point of
42 minutes was estimated (1-sided 95% lower confidence
limit of 26 minutes, Table 2). The linear effect of CA
duration on Full-Scale IQ was quite flat (not significantly
TABLE 1. Neurodevelopment scores according to ventricular septal status and treatment group
Variable
Intact ventricular septum Ventricular septal defect
P value*
Circulatory
arrest
(n  59)
Low-flow
bypass
(n  58)
Circulatory
arrest
(n  20)
Low-flow
bypass
(n  18)
Wechsler Intelligence Scale for
Children, 3rd edition
Full-Scale IQ 98.0 16.3 99.3 13.7 88.5 14.6 96.9 15.2 .46
Verbal IQ 101.9 18.4 101.4 14.1 89.1 15.1 99.5 15.9 .33†
.03
Performance IQ 94.4 14.5 97.3 13.3 90.0 15.5 94.6 15.1 .31
Wechsler Individual Achievement
Test, summary scores
Reading Composite 95.6 17.7 96.8 12.4 89.5 12.9 95.6 15.5 .66
Mathematics Composite 97.2 19.2 98.9 14.4 90.4 14.4 94.1 20.8 .79
Fine Motor
Grooved Pegboard, time to
complete: dominant hand (s)
104 35 94 26 111 28 90 12 .06‡
Mayo Test for Apraxia 190 13 195 7 188 13 197 8 .002
Values are mean  SD.
*P values, determined by linear regression, are for differences between treatment groups, with adjustment for diagnosis and social class.
†Upper P value is for patients with an intact ventricular septum, and lower P value is for patients with a ventricular septal defect, due to a significant
treatment group by diagnostic group interaction. Based on linear regression, with adjustment for social class.
‡P value, determined by proportional hazards regression, is for differences between treatment groups, with adjustment for diagnosis and social class.
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different from zero) for duration of CA less than 42 minutes
but significantly negative beyond 42 minutes.
We found remarkable consistency in the cut-points be-
yond which scores worsened across these outcome variables
(Table 2), with estimated cut-points ranging between 35 and
43 minutes. The 1-sided 95% lower confidence limits vary
among the outcome variables, depending on the strength of
the cut-point model (relative to a simple linear regression
model) and the inherent variability of the outcome vari-
ables. To sharpen inferences, we performed a multivariate
analysis using all 6 outcome variables. We found no evi-
dence for heterogeneity in the 6 cut-points, and so fit a
model with a common cut-point. In this analysis, the point
estimate of the common cut-point was 41 minutes, with a
1-sided 95% lower confidence limit of 32 minutes (Table 2).
As expected, the common cut-point estimate is in the middle
of the individual cut-point estimates. The lower confidence
limit is tighter (closer to the cut-point estimate) due to
additional information gained across the 6 outcome vari-
ables.
Figure 1. Neurodevelopmental outcome as a function of duration of CA. The solid lines were derived from
generalized additive models as a smooth function of duration of CA, with adjustment for diagnosis and family social
class. The dashed lines present 95% confidence intervals, with the scatter plots denoting the raw data values. The
P values assess whether there is any effect of duration of CA on outcomes, with adjustment for diagnosis and
family social class. The panels represent Full-Scale IQ (A), Average Achievement (of Wechsler Reading and
Mathematics Composite scores) (B), Grooved Pegboard (Dominant Hand) (C), and Mayo Test of Apraxia of Speech
(D). The natural logarithm of the time to complete the Grooved Pegboard was used because this transformation
yielded scores that were approximately normally distributed. The graph then exponentiates the results to return
to the raw scale.
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To explore these models further, we fit separate models
for these outcome variables using a common cut-point of 41
minutes, and we compared the slopes of duration of CA
before and after this cut-point (Table 3). As this common
cut-point was estimated from our data, we view these anal-
yses as exploratory in nature. For each of the 6 outcome
variables, we found no significant association between du-
ration of CA and outcome for durations of less than 41
minutes. However, we found significant associations be-
tween duration of CA and outcome for durations of more
than 41 minutes for Full-Scale IQ (P  .006), Verbal IQ (P
 .03), Performance IQ (P  .009), Grooved Pegboard (P
 .04), and Mayo Test of Apraxia (P  .001). In no case
did nonparametric regression smoothing or higher-order
polynomial regression models find significant departures
from the piecewise linear model. In these cut-point models
using duration of CA and adjusting for diagnosis and family
social class, we found no statistically significant effects of
total support time on outcomes.
Additional analyses focused on comparing the IQ and
achievement scores for those subjects with less than 41
minutes of CA to population norms. The mean scores of
these 76 subjects were 98.9  14.1 (mean  SD) for
Full-Scale IQ, 100.8  14.9 for Verbal IQ, 97.1  13.6 for
Performance IQ, 96.8  13.4 for Reading Composite score,
and 97.6  16.4 for Mathematics Composite score, com-
pared with population norms of 100  15. This subgroup
performed similarly to the population norms, except that
they had lower Reading Composite scores (P  .04) and a
tendency for lower Performance IQ (P .07). Subjects with
greater than or equal to 41 minutes of CA, compared with
those with less than 41 minutes, were slightly more likely to
have received remedial services (44% versus 30%) and to
have repeated a grade (12% versus 8%), but these differ-
ences were not statistically significant.
Binary Outcomes
Adjusting for diagnosis, duration of CA was significantly
associated with presence of apraxia diagnosis (P  .02,
Figure 2, A) but not with possibly or definitely abnormal
overall neurologic examination findings (P  .40, Figure 2,
B). As seen in Figure 2, A, the risk of apraxia diagnosis
begins to increase at approximately 30 to 40 minutes of CA,
consistent with the cut-point analyses for the continuous
outcomes.
Discussion
We found that important late neurodevelopmental out-
comes, such as IQ, academic achievement, fine motor func-
tion, and speech production, were generally unaffected by
use of shorter duration of CA. In our study cohort who
underwent surgery from 1988 to 1992 using perfusion meth-
ods particular to that era, nonparametric regression methods
indicated worse performance in children whose CA duration
exceeded 41 minutes, after which performance declined
monotonically. The 1-sided 95% lower confidence limit for
this estimate was 32 minutes. Our study findings, the first
obtained within an experimental setting, thus indicate that
the neurodevelopmental sequelae of total CA are related to
the duration of its use in a nonlinear fashion. During the era
in which our patients underwent surgery, the “safe” duration
of CA appeared to lie at the lower end of the ranges that
have been suggested previously.1,2
The correlation/linear regression methods used in previ-
ous studies,14-18 which force a linear fit to the relationship
between CA and neurodevelopment, are problematic if a
threshold exists below which duration of CA is not related
to outcome. The overall slope or correlation is a weighted
average of the flat slope at CA durations below the threshold
and the slope that describes the relationship at CA durations
that exceed the threshold. The latter slope is thus necessarily
equal to or greater than the slope calculated for the entire
range of CA duration under the assumption of linearity. Our
use of nonparametric regression methods thus provided an
opportunity to identify a threshold or cut-point in this as-
sociation.
On the basis of previous reports,1-5 some groups under-
taking repair of congenital heart anomalies have attempted
to avoid any use of CA. The present study suggests that it
may not be necessary to take special measures to avoid deep
hypothermic CA periods of shorter duration, and cardiovas-
cular surgeons should balance any technical advantages of
the various perfusion techniques with their potential risks on
an individual basis. Innovative ancillary methods for cere-
bral support have been introduced by many groups as alter-
natives to deep hypothermic CA. These methods, such as
retrograde cerebral perfusion, are hypothesized to provide
improved and homogeneous cerebral protection relative to
deep hypothermic CA. The efficacies of these techniques
should be tested in randomized, controlled trials, however.
TABLE 2. Estimation of threshold effects of duration of
circulatory arrest based on piecewise linear models*
Variable
Cut-point estimate
(min)
95% lower confidence
limit (min)
Full-Scale IQ 42 27
Verbal IQ 41 23
Performance IQ 47 31
Average Achievement 43 4
Grooved Pegboard 35 13
Mayo Test for Apraxia 40 29
Combined analysis
(over all 6
outcomes)
41 32
*All models were based on piecewise linear regression, with adjustment
for diagnosis and social class.
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Our analyses should be interpreted in light of several
limitations. Our modeling of the effects of duration of
total CA in this trial, including delineation of cut-points
beyond which neurodevelopmental scores declined, is
specific to the era in which surgery was conducted at our
institution,3 when our cardiopulmonary bypass tech-
niques included hemodilution to a hematocrit value of
20%, the alpha-stat strategy of acid-base management,19
absence of arterial filtration, and hardware that would be
considered outmoded today. Postoperative events and
length of stay can also affect later neurodevelopmental
outcome. In the era of our study, postoperative care used
techniques including the routine use of high-dose fenta-
nyl and prolonged neuromuscular blockade, which are
used less frequently currently. Thus, as a better understand-
ing is achieved of the contributions of these other factors to
neurodevelopmental outcomes, we might learn that dura-
tions of CA longer than those suggested in our models can
be tolerated. All children in our study had some period of
CA; thus, we cannot assess the benefit of a strategy that
completely circumvents its use. Furthermore, we studied a
very homogeneous group of children with D-TGA from a
single institution. Because diagnosis can affect both cogni-
tive outcome and surgical conduct, the results of these
analyses may not be generalizable to a population with
mixed diagnoses or age at surgery beyond infancy. Indeed,
the technique of deep hypothermic CA is now used with
much greater frequency than it was 15 years ago by sur-
geons repairing adults with acquired heart disease such as
ascending and arch aortic aneurysms; the effects of CA
TABLE 3. Exploratory analysis of regression slopes for neurodevelopmental scores as a function of duration of circulatory
arrest for a common threshold of 41 minutes*
Variable
Circulatory arrest <41 min Circulatory arrest >41 min P value
comparing
slopes
Regression
slope 95% CI P value
Regression
slope 95% CI P value
Full-Scale IQ .09 .09, .28 .31 .38 .66,.11 .006 .02
Verbal IQ .14 .07, .34 .19 .34 .64,.04 .03 .04
Performance IQ .04 .14, .22 .68 .36 .62,.09 .009 .06
Average Achievement .01 .17, .20 .90 .17 .45, .11 .23 .39
Grooved Pegboard .00 .001, .001 .99 .002 .00, .005 .04 .17
Mayo Test for Apraxia .09 .06, .23 .24 .47 .68,.25 .001 .001
*All models were based on piecewise linear regression, with adjustment for diagnosis and social class.
Grooved Pegboard results are based on the natural logarithm transformation, with higher scores representing longer (worse) times to completion. For all
other outcomes, lower scores represent worse outcomes.
Figure 2. Estimated probabilities of apraxia diagnosis (A) and abnormal neurologic examination (B) as a function
of the duration of total CA. The solid lines were derived from logistic regression curves, and the dashed lines
present 95% confidence intervals. In addition, point estimates and exact 95% confidence intervals for outcome
probabilities are plotted for the mean of each quartile of duration of CA. The P values were based on logistic
regression for the effect of duration of CA on outcome, with adjustment for diagnosis.
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should be studied further in older age groups and other
diagnostic groups.
In summary, we found that the effect of duration of total
CA on later neurodevelopmental outcomes is nonlinear,
with little influence at shorter durations and with steadily
worsening outcomes after longer durations of CA. This
study cannot ascertain a universally “safe” duration of total
CA because outcomes may vary according to diagnosis, age
at surgery, and other aspects of perfusion on cardiopulmo-
nary bypass and postoperative care. In particular, the rela-
tive contributions of genetic polymorphisms and mutations,
preoperative health, other operative factors, and postopera-
tive events to late neurodevelopmental status remain to be
clarified.
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